






Introduction 


N*w tiiJf\miivuy fwi.f inwvnJi *wf W 

fit injf prmi/U rmmdc^i \>f fiUitiJr, it j fJvjrj' „i/ KKItf^k 
reitdrrfi mrife-Jeilf taifi Iw;ky a&lSifan Impirianf am ( 
mttmfw# ffirJ (ftt! mot wju&h Jiiiz'i 1 tiienfimd wrr 
tcCeiatyjw r.biw&ttiiw :uhl,nnvs aaJ that niJinlbru at 
tMbjvr n t&iivsk Mtd'tni&lrpi .foufr rafrw .pwtoSf W 
rarifliifiu^V fcr tt < fatty ttyloitai. 

The eml of the dlMTircnlii eerrcuiy uw Mime iptstfapjJjr 
ttitvitaces in scientific lmawjtdjje, One fir die reasons for 

1 hit ‘ts'Hi ihr. grnsl Smpiri-yiTrlrnf in cljT-jriran m, tn,t| KlUTC 

Important wus the growth of >111 nui Lude of mind - die 
nttirude that a theory was a thing not in he accepted ns a 
creed,, nut to be rejected as heresy- but to be taken mul 
rciteil (Thin was ijnw |o ctnrvc about and mje qpnnnt *ny 

ii.i» fully ftoeciiial evKtt tudjff.} The tkvdo^meitt of 
knowledge about the Tftnjcrurc of the pewm vra.* one of die 
KlUSl rat-ieochhig advnmiB of the period, and. u the one 
chiefly itHpondWe for the present-day paticm of science, 
in Which the divjidom between different branches tcch 
Wi phyiiEcs; chemistry, end hioJogy* itre flu les®. i%tJ ihim 
they used lu be. Al the end n! the anxtccnlij century 
pevefn! dfieuycriei were wtrtciymxd which, may be httiii m 

hayt cloned liiir unifying process. 


W^nlnng-Ihc 


Part 1 

So me (I taco re i 'i r.s- 


Kveruga) UnJ X-rays - We ere very famil m: nowadays with 
SuoresoenE substances. They make things 'whiter than white 1 
and are used in paints un road signs and posters. Fluorescent 
substances emit a glow of their awn when stimidarcd by light, 
and Curtain of them are used as a coaLing cm the inner surface 
of a discharge ruhe to increase rbc efficiency of clooTic J igtuiflg. 
In 3395 Wilhelm Roentgen, a German physicist, was investi- 
gating this phenomenon and found that even when be enclosed 
the discharge rube in a light -ugh l bus, crystals of barium 
plaEmocyanide placed nearby would glow brightly, Some kind 
of invisible rays from the discharge Lube seemed to be 
escaping from ike box and stimulating rhe crystals. RncntgCll 
also found [liar [he rays Would pass through the walls of a 
light-baht box and darken a photographic plate. Hcgaveihcsc 
penetrating nlyi the name uf X-rays, and used them to take 
X-ray photographs of opaque objects such as rhe hand- This 
discovery caused quire a stir: for instance £ X-tay proof doth- 
ing 1 was advermed in order to preserve d igoity and modesty! 

Other scientists found that when X-rays passed through air 
it became a conductor of electricity and, for example, ;i 
dunged gold-kaf elecLrottope was discharged when a beam 
of X-rays passed between the deflected leaves. The process of 
risking 4 gas cunducting in this way is called ionustion, and we 
shall have more to say about it, Ir tools several more years to 
discover the nature of X-rays, bur it was eventually shown that 
they ace dcccpanugcwtic waves of the same nature as light hut 
of shorter wavelength. 

Henri Beeqiterri and uranium salt* - In his Laboratory in Paris, 
Henri Bccquere! was fascinated by the apparent connection 
between X-rays and fluorescent and phosphoresccnr suh- 
scances, (Phosphorescent tubitances , unlike fluorescent ones, 
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cuniinue to glow for some time after the stimulating light 
source has been removed; 'lu miaous paint 1 is an estampie.) 
Ia particular he wanted to hod out whether phosphorescent 
titanium Suits, which gave a g[ow similar in appliance to that 
of a discharge tube, iJso emitted X-rays. He put crystals of 
potassium uranyl sulphate On u photographic plate wrapped m 
bEact paper and cvpcwcd the whole to sunlight . He found that 
tlrC plan; was blackened ia the neighbourhood of the crystal*. 
At linr he rhoughE chof pcnaniing rays had been produced 
together with phosphorescence as a mu|r of exposing the 
crystal to light ; however, one dull day in ISiJti he prepared an 
experiment of thri Jdnd bar put the crystals and wrapped plate 
in a drawer, About live days Inter, he developed the plates and 
found Lhat Lhe blackening near the crystals was as incense as 
when, he hwl exposed The ciysrals to sunlight. He concluded 
that the radiations wen: a property of the uranium salt, quite 
independent of external stimulus; and so, without naming it, 
he had discovered radioactivity. 

Hcoqncrel Ibund that the radiation* from uranium pene- 
trated materials, and, like X-rays, enuld produce shadow- 
graphs. He is credited, with having produced a radiograph of 
a key by placing Lt an a wrapped plate and covering it with 
crysTal* of ,i uranium salt, (Both [his aud die original experi- 
ment with uranium crystal* arc among die easiest experi- 
ments in rJLitoaajidiy, and con be carried out in a school 
laboratory 

A further property Of the radiutium discovered by Becquerel 
was that they would cause inn izatinn in air and would discharge 
a gold-leaf electroscope in a similar way to Roentgen 's X-rays. 
(This properry of radioactive substances is often used CO re- 
move static electrical charges from insulating materials hke 
glass, and quite nfien a piece nl'a radioactive minvtal is kept in 
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a smEiiftt rmcrufaalance eo avert The weighing errors which 
dialed objects aJ-e likely to came .) 

The Curies and radium - BcoqueneP-a you 115 Polish i3$kEtfl4 
JVLaiya £fclodnw*ka ( 5 arcr married ro Pierre Curie),, attempted 
ro measure \ he ioniaaiiun welHl apparatus (see diagram) which 
i-S uitd in various forms Oxtiy, consisting of two parallel 
plates insulated from each other and connected chmtigb a 
littery to a galvanometer. When the uranium nufL was placed 
between the plates, the- galvanometer indicated a flow of dll - 
rent. She found that all compounds of uranium showed the 
phenomenon Which she named 'radioactivity 7 and that die 
more urani urn there WAS- ebe grenier Was iheefltcL 1 1 was found 
that thorium compounds were also radioactive- ! IT the course 
of her investigations S^C observed thaL the uranium ore 
pitchblende was much more radioactive than UfAtULLm and 
suggested the presence of an element much more active chan 
uranium. In fact several other minerals showed this effect. 
By carrying, out what amounted to a qualitative analytical 
separation, the Curies found rhai a highly active fcub*Lance 
■vas preciptr^Kd from a solution which contained uranium, 
nild thorium, together with bismuih, They were able tu- 
CKoacc rlrc tnaieriid aud show that it had far giea tef activity 
than uranium. They claimed it as. a new elemcnL and sug- 
gested the name po/mrum after Mario Curie's native land. 
Further work showed that a second source of intense radio- 
activity was aysuciated with barium , and the new element 
radium was claimed. 

In order to confirm the claim ro have discovered two new 
elements., the Curie* Set lo wort to prepare enough of th em ro 
produce WL-i^habic quantities. This was a tremendous task 
>15 reed with a ton of pitchblende resldueg From 


which urani tun had been extracted- In rather primitive condi- 
iiDns ? and turning chcniisrs on a rarher large scale, they woxftcd 
for four years and were able to produce LOO mg of pure: radium 
chloride and tq e^tab^sfo the atomic weight of the element 

Work by u number of people e^tabtishod that the radiations 
from radium had a beneficial effect on certain growths and 
tumours, id like Roentgen's X-rays, radium was added to the 
armoury of the medical man, and is Sill] lh«C n although arti- 
ficial tadiOsuUve substance-*. obtainable in great quantities, 
have extended the work, to seme extern superseding radium. 

Early in the new century, the extraction of radium became 
an industry. The Curies freely gave mformtiLiun about the 
process of attraction and it is a Tribute to then careful work 
that rheie has bcc .11 very licile change in Lhe method of extrac- 
tion sinCfl their time. Pierre was, killed in a street accident in 
Paris in 1906, bui Marie lived on uniil 19'IL 

The radimi&m Jrvm radioactive. snbfiantcs Marie Curie sec 
OuL LO m&uELm: radEDiacrivaty hut ended with awn qcw radm- 
eiemenfs and ihc siarr of a. new industry. Meanwhile, what of 
Lhe radiations ? 

The Curies observed dm radium appeared co make ob- 
jects near to itself radioactive whereas uranium sails did n&i 
behave in this way. Rutherford found that thorium sa3n> 
behaved as radium did, and gave otf a radtnacri^ gas which he 
caLM 'emanniion 1 . As the activity of the gas died away ihe 
activity of an 'active deposiE 1 . iefE where the gas had betn_. 
increased- Rutherford and Soddy explained this by the theory 
that when an atom of a radioactive clement has given out some 
radiation it becomes the atom of u. new element . Thi new 
atom might itself be radioactive and it would then throw out 
another particle and so on. From a number of tests, Rutherford 
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aj]d Lbe Cuncs recognized rLiai FMUoaettvity contained run 
different kitids of radiation, which they tailed alpha O; und 
bdlU (d), Bela rays were found 10 be deflected by a magnetic 
field and to have a negative electric chaise and ro be idfntiLal 
with eJetUuni.. CoBRideraTinj] of tile amnunl of hending 
suggested that the mass of a beta particle was raJfier more than 
_7Hri> lJia.L of a hydmgen atom, [t wok II Orniiderablt amoum 
of research to tifli! OUi the nature of the alpha particle. It couEd 
be deflected by a powerful magnetic field, but in a direction 
opposite to thar of a beam Of electrons. This showed it had a 
pusilite Charge (opposite fo tllC electron)* By considering the 
force needed to bend 4 beam uf alpha particles in a magnetic 
and an electric field, Rutherford thought it probable rhet they 
were helium, atoms which had lost two electrons, He proved 
this by placing a radinacFive gas (radon) in a glass tube, 
enclosed hy another tube which he evacuated (fop right) , The 
walls Of the inner tube were thin, enough to allow the r particles 
emitted hy radon 10 pass through. After some days, rhe gas in 
the outer Lube w 5 a.s compressed by ni^TCtify into a pnrtiim 
through which an cJeciric discharge could be passed. Il 
showed the spectrum of helium, and cbli^ way regarded a c ; 
drfiuite proof of ific nature of the * particle. 

A Third type of radiation was found To exist. Thu wa^ nuT 
deflected by a magnetic field buL had considerable penetrating 
power. Gjonma (y) rayi, at [his radiation is nuW Called, w^erc 
proved after Mime time CO be similar to X-rays- hut of shorter 
wavelength, Mafktne Curie's way of c ;u m jfiirizii^g the elec- 
trical properties of the radiatiuns was Bo suppose rhar the 
soyr^e of ittultatio-nswas in a hole in 3 Hlc^ of lead so tha t Ehey 
Would emerge as a narrow vertical penal. If a magnetic field 
i:=- applied perpen Jimilar to the paper, the direction of deffoc- 
[iun would be as '■hnvrn in the diagram {bottom right). The 
heavier x panicles are only slightly dcfieCLetl whereas the 
UghL /J parcides are henc tOlJie Eefl Eo a ^neater extent- Gamma 
rays* having no deetric charge, go Straight on. It should he 
pointed our that This i & 4 summary of these properlSesj and nut 
die tesuli of an experiment, £ particles Would be bent so 
inurh more than ^ panicles Lhat Lhe difl'erence could not be 
: bowrt in Lbe same eKpcriinent, 

Wo can summarise the properties of the radiations thus : 
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Part 2 

Lairs of m/tioadirity 


Radioaetivs ihcay - The radioactive change of une clcmcnT 
mw anulher opeur s spontaneously and as not atfcctcd by heat^ 
culdj chemical reaction* nr any ether stimulus. You might 
i hirtli that a piece of mdioactiuc dement would decay aL n 
steady rale of SO many atoms per second until if was- aJJ 
cbMgcd n but zhis is not so. Experiments have shown that the 
number of atoms changing is always the Same proportion of 
the local number prr.-tnl. Thus the more atcim* of the Fadio- 
aztsve element there arc present, l_be more will bfcafc up every 
second, and die more- intense will be the radiation thrown out 
As l_be uurnbQt of unchanged atoms decreases! SO die number 
Off amm:=. breaking up per second wi]] decrease. Each radio- 
active element tins its d?ara-ctenstic fracLiuil of atoms changing 
at any one moment and this fraction is called the decay antitmt 
and dfeigisated by die Greek Letter lambda (A) r 

Tile idea of something growing or diminishing at a rate 
proportional W its SIEC3T any tune 5 fairly easy CO understand. 
Imagine* for example, a child who k given ten shillings ant) 
decides GO spend if at the rate of half his capital 3t ihe end of 
every week. 
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Notice chat the am o uni left in any week is the same as the rare 
of spending in Thar week If we ploL LhiS-, WCgct a curve called 
an "exporsenriaf- 

Although The constant* ^ is m^cd in ninthematLca] treaLmc^c 
of complicated problems of decay, another, more informative 
characteristic of flic radioactive elemenl is found convenien" 
for general use. This is the htflf-iifr- of chc cLeme^C - die rime 
It takes for the atoms of the element which arc present to be 
reduced TO half dieir initial number* or (which as ihe same 
things for the radiation given out to be reduced to half its 


original intensity. Et id wrillOfi l t . Half-fives range from 
, exceeding small fractions of a second (such as 10“ fl seconds 
for 41-c) to thousands of millions of > «ns e.g. 1 *3 -.. 10 M years 
for ^'K, The half -life of a substance Ls a fundamental ptoperLV 
and is unaffeercd by chemical and physical agencies. 

If W* started with a million radioactive atotfis, some would 
decay qu.Lcc independently of the otberc, and there would be 
a Time when only half a mdtion were Left, ' Plus lime would be 
th* half-life, After another half-life, a quarter of a million 
radio active atoms would be Jcfc 3 and so on. If we ploL ihh we 
get an exponent^ curve (see digram!. After n intervals, (A)" 
□f the original number is left. Thus after ecu half-lives r 
milIion d or ahour 100(1 radioactive atoms arc left, and afLer 
another ten half-lives* one radioactive UlOfiS (in theory, at any 
mte, although one cannoE put a physical reality to this- ITUithe- 
rtiatlcfil idea, since the nevt stage would involve a fraction of 
an atom). 

A simple illustration of half-life is CO suppose a large 
audience listening [O fl boring speaker. Occasionally people in 
rhe audience will fal L asleep,, quire independently of each other. 
A measu re of the- dullness of the speaker might be found by 
*«mg how long n tools for half che audience lo fall asleep] 
Speakers could chin be graded with ^half-lives 1 . 

Far&it $t\d daughter actwiti& and radices Wi. - 

S irne radioactive substances decay into Others which arc them - 
■elves radioactive* In a few cases rhk process continues in a 
p - dioattive scries involving an arty stages, and only ending 
: n-u n non-mdiuacrive (or 'stahEc 1 ) dement is produced. For 
J : L:£nce, one form of uranium dmnd in nature is 
_rj:mum with an atomic mass of which has a half' life of 
years, and emits an v. parttcle when it decay*. 
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If aji atom docs dm if Changes to an atom of thorium of 
atomic imu 234, which ha* a half-life uf 2-5- l days. This ru 
turn may decay and produce a new atom by emitting a ,t) 
particle; heeuminp protactinium uf mass 234 anti half-lifti 72 
seconds, and so through further stages until atoms of lead of 
mu* ■■ 206 becume the final producL uf the series. One irau say 
that “ ,H U js rlic parent, and “ r I'h the daughters which jn mm 
becomes the pansm uf J ,+ Pa, and su on. 

in nature there arc three series of this kind, two slatting 
from uranium, and one from thorium. A fourth Cutttisis uf 
artificially produced elements. T he lour series are shown on 
pages 9- ID, and E 1 . In each ease the lefthand column shows 
the changes from one radioactive material m another, and 
sometimes show* alternative ways uf thanking, either an ■* 
particle followed hy JB, or the reverse order. Some aspects of 
these figures will be clearer on second reading when the Con- 
cept ol' isotopes and of the changes fallowing rhe emission ol‘ 
fi and fi particles have been assimilated. 

SptwftfrrirjnJ - The uranium series ipngv 9j show* iha! aLums 
of“*Th owe their existence to the decay of atoms of U11 U and* 
iri turn, alums of r ' J Pa only exist because alums uf tu Th 
decayed. All the rime ,J11 U atoms arc present, the series gties 
on, and the radioactive daughters which are produced gu on 
producing daughters in Turn as they dec-iy. Jn time the whole 
series settles down to what is ealled ‘radioactive equilibrium 1 , 
that is, the number of atoms each daughter element is getting 
from its parent and the number it is losing to its own daughter 
are the same, so that the amount present of each daughter 
element remains steady. Thus when a uranium series is m 
equilibrium the only elements which change in quantity are 
the uranium at the tup I J which decreases, and the lead 
10 
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nr. the bo Hum {^FT}), wllld) incrcasea. If the half-life is 2-1 
duys, equilibrium wlLL be half way Ll> oomplsti nn in 24 days 
y Ln 4S* | in T^and as near as no matter complete in ] 20 dap. 

If we loo l( down tine uranium lurks if is dear that only in 
geological lime will line whole series be in equilibrium sinee 
1SI U has a half-life of 2-48 x 10 ri years, and the next stage 
would ool be in equilibrium until over ] million years, 

II is possible m show tbc decay of ft daughter product and its | 
growth from the parent by a simple experiment such as Lheouc 
described i n Topic 24 of the Sample Scheme in the NulfteLd 
Chemistry Course (Experiment 24.2c). 

There art interesting examples of equilibrium if) rhe 
thorium series (page 10) ""Ra (mesutborimn^ half-life fi 7 
yeitSj is often removed from thulium ores fur u££ iu lu mi JlQUi 
p^jnt- Further dnwn the series there is “Th with half-life uf ] 
t 91 whose atoms decay., bul are replaced 3S * JK Rs 

decays- The radium in Lnnl owes Lt& existence to the decay erf 
wa Th. As in the uranium series equilibrium is re>-fcs£abbsbcd* ! 
but it tike* about 35 yea h to get back to rhe state before the 
Ry was removed. If we plot a curve uf ""Th decaying aod 
aSRp* of the growth of ™Th from and then make a "sunt 
Curve" of total "Th at any rime (sec graph 1 fifths if h clear 
that this rocs down to a millimuiii :tr about five years irnrf 
Lbeu scans co grow. Apart from bring an interesting CKnmpte 
of growth and decay* there as the practical point that if 
thorium salts which arc not in equilibrium. are used 3* 
sconce* nf SLfl Pb and ai *Bi, the activity produced depends 
upon the ‘age" of Lhe thorium salt 
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Part 3 
What cause 'S 
radioactivity ? 


ItQfQpes - ViV have seen that in a radioactive scries r lid same 
dement may appear mote titan dice. For example* in the 
uranium aeries polonium appears with an atomic mass of 218, 
214, and 21 H The fact that elements may have different 
JUu-jj ik masse* was noticed by !•'. W. Aston :n ■ 9 I u u nh theaiii 
of a mass spectrometer, an instrument in which a beam nf 
duel licaiLy charged atoms is acted upon by an electric ami 
magnetic field and separated into atoms of different atomic 
masses, He found that noun of atomic mass 20 2 Consisted of 
two types of atom of masses 20 iVtul 22. Even hefoFe this, 
Frederick Soddy tuid su^ested that elements might consist of 
groups nf n cm -separable .noms of different atomic mass, 
occupying the same place in the periodic table, He COJJied the 
name imtape fnr These atoms, from the Greek words m 
'same ptsce'. By no Chemical means was it possible to 
the two forms of the cl emcnr since they artche inicjilifidL-ntical. 

it hfld heed flOliOed already that not mail vrtr the elements 
hid Litomsc masses which COllld be expressed as whole num- 
bers.. TEl is nude; it difficult to regard theitfitomR as beirii . 

'.ip as multiples of simple by dd Lug biytki. The concgjtThat 
in element consisted nf a mixture of itoms of diffcnyit itojnic 
masses fitted in welt with this idea Jlnd helped tu^coount for 
ibe differences from whole numbers . For instance, dll u line 
■-i hose atomic mass is 35 "5 eoRSSSp of two i&ojbpos of mass' 
i; and 37 in the ratiu 3:1. 

The recognition that jsompcsfcsjsied led 
rethinking about the structure o the atom 
--■a uf what happens in radioad ve decay, 
not known yet, hut We can get a workable 

- h; structure vj the utum - T lis Subject 
. - :J,’ the Atjmi we will only online the m 


In tinier to find out what the atom wastifcfi, Rutherford and 
Others observed. What happened when radia turns bombarded 
sheets of thm metal foil, 'lliis approach was rather like coming 
IQ a high walled town Which couldn’t he penetrated or looked 
into from above* and trying TO throw SOmcillLUg over the wall. 
A STODC might betray whether there were a roof, for one thing , 
If the stone were thrown bock, however, there would evidently 
be someone [he Other side. If other objects came back - empty 
buttles* pop music discs, Ol the Like - we might get some idea 
about the people inside ! Rutherford bombarded gold toil with 
« particles and found that although most of Lhcm passed 
through, Some Were deflected. The SLmile he used flier In 
discussing th is was, ‘l[’s as if you had fi red a 15-in^h shell at 
it f d ccfto f ris s n e- paper and it came back and h i t you 3 . From 
uunsideration of this scatteri^, Rutherford uonduded that 
the atom hod u central cure ofTifiscleus which represented 
nearly all the moss hut was only SOnieWsit °f the the 

:>lu£L. Thai Is, ihu atom is nearly all space,. 1 .atej Niels Bolkf 
and Rutherford su^lgpupd a model uf the ' alum having a 
positively charged nucleus'im^ electrons going rnyjjd suorbiR- 
This did not csplain jsoto|^ .^Usfactorily aibboaigh the 

AlDnJk 3-lruclurn- 



electrons in orbits 
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existence of an unchanged panicle in The nucleus was sus- 
pected. In 1932 Chadwick discovered an uncharged panicle 
and named it the neatntQ, and a new wobble theory emerged. 
The undent is supposed Eo contain pretons with a positive 
charge, and neutrons with no charge, each having about the 
same Weight. The number of protons determines the charge 
and hence die namra of the clement, and. in a neutral atom 
there es an equal number of electrons with negative charges, 
he! anting The positive charges of the protons. 

The num her of neutron^ present Ln the nucleus ts cterinitc, 


buL is variable within limits. For instance, carbon hui b 
protons and b electrons but it can have 4, ? s ft, 7, or S neutrons, 
The aLomic mass b the nun of the prOIOtis anti the neutrons, so 
rhe atoms have different atomic masses, ranging from 1(1 to 14, 
EiuL since there art always 6 protons, they ate uJJ at runs of 
carbon, and arc isotopes ofcarbnn. The atomic mass normally 
associated with earbon i£ 12; in fact atomic masses are now- 
based on the mass of 1: C being [2-0000. iS C is known in 
nature, mid is. present eo die extent of 1 T per cent in ordinary 
carbon. The ocher isotopes are artificial . The first two have 
insufficient neutrons for stability, whereas the Ln$ l one, 1 C, 
has one neutron too many. These 'unstable' isotopes are called 
tadiuiUrtOpiS, 

If [here is a neutron too many, there is a chance that d 
neutron will change into a proton if That would give a more 
stable nucleus with less energy associated with it. The change 
is accompanied by lire emission of ait electron which lea ves at 
high speed (a ,t) particle). There may he further release of 
energy u y radiation. 

A way of picturi ng conditions in an atom is to suppose 1 he 
neutrons a: id protons to occupy various levels representing 
different amounts of energy; the higher up, the greater the 
energy. 

If a change can rake place to give less energy in rhe icra ii 
will take place, and energy will be- given oul 

In ■ ( Cj there would be less energy if one neutron moved (n 
cbe highest proton level. In a large population of atoms, in' 
dividual acorns will change at random (as, for instance, a large 
number of soap bubbles released at the same time will all 
eventually bum, but individual ones hurst early nr late am re 
independently Of the fate of others in the group), II is nOL 
possible to predict when any one atom wilt change, hurl f there 
is a large number, it is possible tu find by experiment, and to 
some e stent by thenry, a measure of the. probability of an atom 
breaking up in a given time (the decay constant) or Lu express 
the stability in terms of hatf-litc, as previously discussed 
Generally tf there is a targe amount of energy to be lost, the 
half-life is shocr, and vj« versa, bur the is only an approximate 
guide. 

If in L4 t', a neutron changes to a proton, rhe mass remains 
Simon, but not quite, the same. The small ctiange in mass i> I 
explained by Kinstdn's equatinn ti — mic^ where £ is energy, 
m is moss, and c is the velocity uf light, all measured to 
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appropriate and matcfrzrip; Limrs. Till- [hat if mass if. 

destroyed „ energy appears. A ptiiTkk at rebt hat one mass, bul 
if it ih moving fast* itn rclaiive mass is Merced, betaine d£ its 
energy of moQOQ. A proton hat ks-s mast than a neutl'C-lu So 
lht change it accompanied by a f efease L>f energy. Since in chc 
decay of N C a MUlrflI juirtick changes Bo a ehar^CLl one, [lie 
atomic number (the nnm W of prOTOILSj goes from b to 7_ Thai 
means, char the atom changes lo one of nitrogen (the half-life 
of 1 *C is 5770 y-eart, so fchar jf wc hsrt a gram of 1 C - about 
3 ■■- lO*- atoms - it Would Lake 5770 years tu make half -H gram 
of nitrogen)* 

Wc often write these nudear transfoimationt as- equations, 
showinp changes of runs* and chnrgc. Carbon of atom mass 14 
is written ™C a the Lop left tii^ure being the mass, and the 
bottom left being the positive chaise, or ihe atomic number, 
or rhe number of protons (which amounts to the same ihuig). 
Some people prefer to write it as ±0 “ n blit there are sound 
racntlficreaSMlsf&r keeping all Lbe nudear physics to the kit-, 
leaving Lhe n^bt for ionic chaigc or rhe number of atoms in the 
molegulere.g, (H ± r is a heavy hydrogen mnlefcuLar iou, iJCI" is 
a d Lloriiie ions and so on. 

For the disintegration of ^C„ the equation is; 

J !C — '?N + _?e + aiergy. 

- signifies an electron^ and when it is r eg aided ai a particle 
emLtted during the change, Et is called a fi particle- 

n C hrn only 5 ntuttons and 6 protons- To achieve a stable 
nucleus, a pmrem has no change in a neutron. This means a 
]&SS of positive charge^ and a change ro the element not below 
carbon in The Periodic Table - boron. What Ls emitted has to 
have negligible mass but a positive charge, and iL is termed a 
"positron** and ihis is created out of energy* provided rhere is 
more than a reruin minimum ^mnuni available for ibis pur- 
pose. (Some neutron deficient nudei become stable by a 
change from proton tn neiirron followed by capturing an 
rieetjop from an. orbiL close to the nucleus.) "flic -cquanofl for 
the decay of lt C is: 

'ic -* ';B 4- + energy. 

The emitted particle k written The half life of M C k 
2\ minuies. 

Et muse be poi nied OutlfraL ihk treatment of The si nicnirc of 
- JtOm and lhe way a nucleus changes, k a timplified otic, 


which leaves some questions unanswered, and only partly 
answers Others. l T or instance, if rhe nucleus contains onlv 
positive charged pani cfes. one rnighl expect th on to repel each 
other. There ire many Theories about the Jbfccs Wilfrid [he 
nucleus* SDd about [he nature of the panid.es. Some fifty- sub- 
nuclear particles have been named, and rhcrc .ins Aeorb 
about how they tale part in lhe s tructurc of the nucleus . Much 
light was shed on the manci hy work published hi 1 9(A which 
suggested family relationships between the particles. but The 
last word has not been written on. rhis matter by a tong Way, 
bar rhe purpose of Studying the uses of radiations and rhe 
properties of radioactive ntateris Is, rhe Rutherford- Bohr atom 
gives a workable model 

The energy \if the radiatk'ru - When u radioitolive substflnee 
emits radiaitons, a, tf d or y , it docs so because it has an excess of 
energy, Mm of this energy k given to the particle or radiation 
which is emitted. We are familiar with rhe association of 
energy wiih radlllious of various kinds, e.g, heat radiated from 
a hot body conveys heat to a body abso thing the radiations. . 
When X-tays are produced in an X-iay tube by directing an 
electron hciTrn accckratod by a voltage on io » metal electrude, 
rhe energy of [he X^ray? is related to Lhe voltage. A uni t of use 
id discussing nuclear and atnnuc energies Ls the electron Volt 
chc cJICIfy represented by an election moving through a 
potential difference of 1 vn(t. A liUl.Oufl vnh X-ray machine 
may give X-rays of energy approaching 100 KeV. The fences 
betwieen acom^ mi motcsulc area fcwdcccron volts (eV), The 
hindillg energy Of electrons dose to the nudeus ts some 
thousands of electron volts (KcV}. Energy changes in lhe 
nucleus are greater and may be millions of electron volts 
(AleV). These units may he conneCDed with Other units of 
energy, e.g, IMfiV T6 \ 10 1 ergs. A homely cnmpansm i 
is that 1 MeV is the energy needed to lift a fly inch! 

The tiicr^y associated with radiations from A radioactive 
substance is characteristic oJ'lhai substance and, like the half- 
life, can be measured to help identify lhe i ac. inactive sub- 
stance. For instance, radioactive phosphorus of mais 3^ has 
n hslf-lifc of M-3 days and gives due radiation of maximum 
energy l -7l MeV, - 3!i ll gives nut =c rad 13 lion of energy 4 -LE> 
MeV and has a half-life of 4-51 10=' years. 
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Part 4 
Radioactive 

s abut a tt vcs, natural 
and man-made 


iXulyml radiaelements - Some of Lhesu have existed fur thou- 
sands yf millions. of years and form serlis comprising decaying 
parents with active dauphl^is , As well as this '.here are 3 fuw 
long-Uvfcil isotopes Of certain clcmcnTS which had an unsrahie 
msxturc of protons and neutrons when they were made and 
have n very long half- life. .\n example is 4,1 K which is presem 
ro the extern of 0-01 E per rent in all potassium and hat il half" 
hie of ] ’3 ■ 10 1 years i 'his dnes not amount to much radio- 
activity. since d rives 2S beta particles pet second per gram of 
ordinary potassium. 

A few neutrons are produced in nature, mainly by highly 
energetic radiation ( cosmic rays) hirtinp atoms in the upper 
atmosphere, but to some extern by the breakdown of very 
heavy elements Ijfce uranium. One inBeiesting result of having 
neutrons produced in die upper acitiosphcre it that they react 
with nitrogen an ,1 produce radioactive carbon. The equation 
goes like this: 

'?M -f in — * ] iC +-ip 

nitrogen + ncutmn * uarbon f pro Lon, 

As yem set, both the mases aM rhe charges batenoe. The 
"spare pmcon packs up a free electron and bournes a hydrogen 
atom. 

Another equation is ; 

1 JN — nCL - 1 

nitrogen f neutron — - carbon +- tritium. 

Hence two radioactive gases arc formed an the atmosphere (the 
carbon occur* as l QO s )_ ProbaWy the more iuiete^lhlg 0-J3& is 
|J C because iP present: mcttn=. chaE evciy Jiving thing con- 
taining carbon a!so contains radioactive carbon, because all 
ihe carbon in ptuirosyniheds enmeh from ainwphcric CO.., 
lfl 


There i^l “poor of CO^ into- Which L4 CO. from the atmosphere 
and CO, from anrmd and vegetable souths gd- There is a 
balince of r^iMctivity whkh result* Ln 15-3 beta paric-ta per 
minute per gram of carbon (natural potassium gives our 28 
pet second or EdW per minute). Thus ihere ia a balance of 
CO,, in nature although man-made events UpSCI It, CO ■ frnm 
COaE contains UO 1 'C because it has piacncally all decayed away, 
so sear industrial towns the ,J C COdient is ii link below 
average. When nuclear bomb* are ie*red There L* a release of 
neutrons which rempurarily mcressca the U C content by A 
link. 

R&tiii asrixm dating - Suppose a carboniftroos object is 
preserved; for example, a pieee uf wood or i scroll may he 
buried and kept away from ihc norma] process which w p ouJl: 
■cause it to rot and so give back CO# to the pool, Then [he 
radio carbon m ii which Ms a half-life of r ?770 years, will ha^e 
less activity per gram chan fresh carbun has. If ^ con find OU1 
bow much radio carbon There is per grantor I s - possihk to sa^ 
how old the object is, right back to 20,000 ur T according 10 
some, 30-40,000 years. 



CC^ From 
decaying 
vegetation 


CO* for 

photosynthesis 


CO, from 
burning 



As you yee n we haven* [ much activity Lu atari wstft but after 
20,000 year* thcfc as less than 1 beta parriclc per tliifluLe per 
grani 8 With a great deal of enre ^tirf apedaJ apparatus, il ts 
possible in mtgsgrc at these low levels of activity ? and obfocts 
dated by The radio carbon metljod have been checked by other 
evidence . One difficulty is that activity in the air, in the Mil, 
and Lit materia] used to make the appaflLns and shield it may 
be more than wo are mcasLlring. The cdsi nic radial LOG makes 
a DontribuilOII leu and Lt k necessary to Lake very special 
precautions to reduce iIk effect of thk 'background 3 , 

Hore ere a few results obtained : 

Charcoal from Stonehenge y 100 - 275 years 

Cypress beam from a tomb - thought 10 
be 4500-4650 years old 4EDQ - 200 

Wheat and barley grain from an 
Egyptian tsnmb 6390 - l#0 

Feat of Neolithic age &050 4- 300 


The righthaud figures (j 275 ftr instance) show that she 
-■ : ”■ iiy cannot be precisely determined since statistical varia- 
tions apply, 


H:ir da icv gtf radwelmnmtf ? 

- Extraction of produces - We have already S&en lha L 

"iiLLraJ uranium decays from l" ro ,J * J Th and that tht series 
-"n cinuesdown in Ml Tb. Tn mature this series is pfi equilibrium, 
' "-i" l= so My, id] the elements arc being produced and decs 1 !’ 

"hey di depend tbr their existence on the supply nf parent 
.“enrs which Lome from the decay of ti renintn . 

- L‘ — . «*Th — ^ * »*Ta — - — - iEu Th - — ^Ra 

nawUJrcady mentioned EsperimunL 2i.2e of the Nuffield 


Sample Scheme, m which protactinium is separated 1mm 
uranium nitrate by snlvcm exiMCtioo using amyl (IKISK, 
TlioiC art? Other methods of currying out the separatum such 
as usiiuf ion exchange rcsi rts, hut the solvent extraction method 
has the merit of simplicity. 

The thorium series has snmc useful daughter products, A 
gasihotou (an isotope of raJun'j is given off anti one of its decay 
product^ lli Ph i can he electrndepnsited on to aluminium, 
■' 'Eb decays [O ' Ei and these can be separated. T his I s a good 
tllustratinn of the face rliat in beta dec.1V [JiejV is S Change of 
clement to One of higher atomic number. .Another daughter 
product of thorium is " >r |"l. This hits a hillf-lifc of 3 minutes 
and is removed from a thorium solution by passing ir Through 
ammonium p h cwphomo 1 ybdatc , Everything goes through 
except the thallium. 

2. Ijradmtii - A stable nucleus can be horn harden with 
partides to produce a radioactive isotope. If they are charged 
particles, such as. protons or alpha particles, they will he re- 
pelled. In order to penetrate the nucleus this force has to be 
overcome tit’s rather Like trying to pet a hall into a hole ar The 
top of a hill}. 

hi order Lu acquire this energy the particle is accelerated 
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by means of it high voltage, There are various methods, 
such a; the cyclotron, which work* hy giving the panicle 
a kick each time it goes round an expending circular path . 
If we consider a hall cm the end of a Siring which is wrapped 
round a pu3c. and we hit el with a Lcnnh- racket tu unwind it, 
and arrange to hit it agam at every revolution, we might 
lime our Jnil> su that it lakes Lhe ijhi-j time for each revolu- 
tion tn ^pitc of its longer pyrll. A cyclotron is a large device 
which includes powerful electromagnets often Twenty Oi 
more feci in dianncier, to cause rbe panicle TO go round m a 
spiral, while an Hjccdeialmg voltage is applied arcaoli revolu- 
tion. The particles used *>k usually protons, deuLerons (the 
nuclei of heavy hydrugen having one proton and one OCUIrOlj), 
or a particles, and they circulate m a All evacuated tank which 
fits between the magnets. The charged panicles arc produced 
in the centre of The system, and the materia! to be bombarded 
is placed at ihe outer end nf the spiral. It ts generally metallic, 
and ha$ TO 1>C cooled, since lh£ bombardment produces heat 
which could cause the target to volatilize. In some cyclotrons 
the beam of particles can be deflected out of the spiral and used 
to bombard liquid or gaseous material, nr tn produce a beam 
of OCUtlOJlJ by hilling beryllium in Suitable circumstances. 
Chemical separation has bo be carried out to remove the ttldio- 
isowpc from ibe target material . 

If magnesium is bombarded with dcureroits, ^Nll is pro- 
duced according to the equation; 

nMg + iH ■ nNa. + -He. 

The second item on the right hand side is fine way of expressing 
the fttCL ill ill im - particle is produced ; the equation cs some- 
times shortened bo ; \VLg (d , a) V -Na. “ ; Na is a ocuwHt-defkietit 
tsoiope With il half-life of 2 -6 years. 

IS 


Sv^hm-c^clomn at Haiwmll. 

■3 frtflCll i>a 5 hu 1 EctelK&les- pre 
Wns XQ h oh- «n R 

spiral porch rn& jartteilM ara 
k"p[ In lht: spiral by i majjrraiiir 
■!isid iin-i tA'ioe 

i-i each revofeiUon by un alpctnc 
*ivUi. praduued by n radio 
fraqu^y wAlotw 
17 . .t. jflrdiTriL: L r i , jri r yy -A l« r/.*tfm r . , r p 1 



Cyd^LTDn-prciLiuL-icdracEiuisotQpcs arc expensive to proca^j 
because only one target eao usually be bombarded at a "^1 
and the number of particles which hir it depends (smm^ 
things) on the intensity of the boam and the time oTbumhu^H 
menu and a cyclotron costs a Jot to run. 

Suppose we bombarded the nucleus with a panicle --'rsdB 
had no charge. Id this case the simile is that one Is rrymz i . t 
a golf ball pi go into a hole on a flat green There would be afl 
force to overcome, and the particle would only tu-f t: .— t’ 
itself ro The right place to be captured. A neutron * h 



uncharged parted c, so it can be accepted by another ate m . If 
we return to the analogy of The golf ball, we see Thai it has to be 
going slowly or it may ;eap over rhe hnJe. In the rime way, a 
neutron has m be going slowly in order to be captured. hi a 
reactor ihere are rods of uranium separated hy blocks of 
graphite, hy 'heavy water 1 (deuterium instead of hydrogen), or 
in some cases, by ordinary water. I'hc spacing, and the 
arrangement of the graphite are such. Thai a neutron, which is 
occasionally given nut by a mass of uranium and Leave 1 at high 
speed, hits nuclei of graphite or hydrogen, and bounces off. 


slowing down ar each bounce. 1 1 es arranged that the neutron 
:S going s Jowly enough. when it reaches die (Text uranium 
md . Lo be captured. When ibis happens . there is a probability 
that m atom of uranium will break into two parts (nuclear 
hssionj, and in this process, rwo or three more neutrons are 
produced. These go on through The 'moderator 1 , as il is Called, 
arc slowed down, and cause more fissions. All this happens at 
high speed, and a 'hailstorm 1 of neutrons h produced in a short 
rime. In the Harwell reactor ‘EILPO’ about Id"- neutrons pass 
through one square centimetre per second at its centre, where 
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Die ‘neutron flux* ls ar its I Maximum. It is pu=-'tb[c Uj arrange 
That many larger art bombarded .it the same limtLand with So 
many neutrons about, ir is possible lu transform ;i large num- 
ber of atoms. Tims, if a pram of gold b bombarded in the 
centre of 1 JJEPO‘ fi>r a rf ay, over a Curie of rad iosaive gold is 
produced r 

T is rather like injecting a ‘disturbing influence' EtllO a group. 
If be is absorbed, the energy be gives The group may lead n> a 
great deni of activity and the whole nature of die group may be 
changed. There may even be an expulsion of another member 
and a continued output of energy ! With atoms there may be a 
disturbed spare, which Irntdx to some radioactive forms which 
in turn give out energy. Ail atoms are not equally IDceEw to be 
modified, and there are physical properties which make it 
possible, to calculate how much activity will be produced. For 
instance, a reaewf may produce 10' 1 neutrons per second, but 
n hibotaiory source may only produce a few thousand, each 
second. Other tilings being equal, the reactor will produce 
furies of activity while [he laboratory source only Very 

small fradEons of a microcurie fl millionth of it curie). 

Ill every case there is. a balance between what is produced 
and what decays 1‘Jlgine pouring water Steadily into a tnng 
cylinder With a smalt hole in the bouorn. If we carry on we will 
arrive at □ point when iSieinCreiifitin pressure due to Lhc height 
ot The water in the cylinder maJws [he rate uf outflow the same 
is die rate of inflow. If we pour water in faRter,. die height wilt 
rise tn a new Steady levd (see left). 

The analogy is a rough one, but one ca n imagine a supply of 
radioactive iLums being produced at a constant rate and decay- 
i ng. Given time rhe activity reaches an equilibrium value. In 
ane halt-lift it reaches half this value, in two half-lives, three- 
quarter, tn three, scvert-cdghrhs, and so on, The activity 
produced (5) depends upon: 

'■ i'hc number of bombarding particles per square centi- 
metre per second («&}. 

- The prohabLtfly of hitting the larger □ ud bringing about the 
reaction Tills is called the 'cross-section' £<*■) and is expressed 
in units nf target area called ‘barns' { L ham 10 -on 11 }. 

The number Of UttiMms available to he hit, This depends 
.:pon the weight and the atomic mais (A). 


■!■ A ’build-up* factor tfcpeHiUng upon the length oftht bom- 
bardment in terms, of half-lives (t.'fi). 

Here is the formula r 

. O'-fi i,L' a 

S 37 ■ up* A ^ - U) L "0 curies per gram. 

: I he comes from Avngadro’s number and a little re- 
iirrimgLng of the si?* of Units.) 

For gold, nr is 96, so if 4> is I O' - we can mate about B curies of 
radioqciivc gold per gram ■;] gram of rtdium is about 1 curie 
Of activity). 

Artificial radioisotopes- Before the 1939-19-Vi War virtually 
the only radioactive material in ekc was <i few SdlograrctF of 
radium used in hospitals. Now many millions of curie* of 
activity have been produced artificially. and one source s-SCtf 
commercially may he equivalent ID about 300 kilugrams of 
radium, Although there arc only 90 natural elements, there ire 
over 700 artificial radioactive isotopes. This means that each 
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elfcfflmi stay have a number tif radioactive isotope li-L'in-: 
produced by bombardment of il£. OWE Stable isotopes and 
others by liLtfeiClH bombarding processes. Some of tin- radio - 
active products havtf aftich short haif-Uv^S dm rhc*£ t& scarcely 
lirntf to measure ihern by decay and special metbudr. \nu 
necessary. Sodium Jnaa only One Stable isoiopc. Tf '-vc add a 
neulrns] Llj- it we geT -■N;i wlxh a bait- life of 15 hours. IX We 
bombard ma^nc^iurn with neutrons Wo get some ?d Na and a 
little ™ : Na raid ut Na 3 but the half-Jsves of the U*t two are 
mcaHuied in second*. If magnesium is bocntwi'lcd with 
denteronsj chat h n the clucJcf of heavy hydroRcn d coutLsting of 
one proton and one neuLron., the result is “Na with a half-life 
of 2-6 year*. \Ve get Other isotope* of sodaum, “Nft and ^'Na, 
by bombarding neon with protons^ bill they blYfi short hnlt- 
lives, 

Iz b simple to look at the siiuaiion will! rhe aid of nuclear 
equations, Wc cannot deadfdy maaBi although we can exchange 
jt for enerj'y. We cannot destroy chaige, bur only redistribute 
iL The yodiuna nucleus ha^ a charge of II because it contains 
eleven protons. A neuLfotl has HO charge DJid a mas* of 1 s a 
proLon li^S cE^irgc l arid mass L, a Jeuzeion has charge 1 arid 
mass 2. 

s <Na ftNa + fin — 

Radios aive sodium with one ortra neutron 

r.Ms +m jrNa+JHe 

magnesium + deuteron sodium 4 au alpha 
parti do 

+ }H — * uNa + 

neon 4 proton = sodium 4 neutron 

TlNc + lH .RNa -flu 

neon 4 proton sodium | neutron 

These last two have Such shun half-lives - 22 S nnd 0-3 
seconds respectively — That they are only of academic inLertiL. 
When they decay, a proum in [he nucleus changes into a 
neutron with the emission of a positron. HenCe it loses one 
unit of charge anil becomes neon OHM again. 

tlNJl * » 


Some atrihcial radior.sninpes 


*>Na 


*Ni 


at N a 



H lit 

Rddianpr 

Pr,?.ihc*d fi\ 

m 

124 years 

i i only 


l, C 

5770 years 

gorily 

M N 


\ 5 hours 

^ and r 

- 1 Na 

Slip 

14-2 days 

8 only 

ll P 
or H S 

M S 

67-1 days 

portly 

»S 

or «a 

IJ( Ol 

5 25 years 

uitfl y 

bt Co 

■"Ag 

253 days 

8 and y 

i"m Ae 

JHlJ 

8-04 days 

8 and y 

J3D Te 

IH Ir 

74 days 

8 and y 

l «It 

l1h Au 

2-7 days 

8 and y 

3lT Au 


These and many others are produced in GrvuL Britain by the 
Radiochemical Centre at A merchant- In some cases a simple 
chemical !S produced or the radioactive material is Left as the 
eJctr.enl, but very often Lhc final result J& a compound con- 
taining radioacrivcly labeled atoms. For instance, H/- SO, or 
Na Ln I. 1 'C is made a constituent uf a wide mnge of utgnnjc 
compounds such as drugs, arid by this means it is pow-Lhle to 
rrace how they are distributed in the body. 'There is a large 
family Of compounds labelled with : H (or tritium} and others 
I ahollcd with ’■'£ or l ’P and so on. 

Since radioactivity cannot be destroyed, and since it is 
possible to detect very small arnuunls or radioactive material 
by reason uf [he radiations they emit, radioisotopes can be 
ideal tracers . and this is one of the uses of radioisotopes which 
we wtH consider shortly. 
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The radiation# 


j. and :> pa rude S and y rays arc the only radiations we need 
consider 4S n&ulting from a radwacfivcdiange. Iris possible to 
produce neutrons in some radioactive processes* notably the 
fission of eE U, and there arc ways in which neutrons are used 
apart from producing artificial radioactive materials, They 
have no electric charge, and they have a wide range uf energies. 
L'hey arenot' given off by any uflhe radioactive materials used 
in industry (although ro he strictly and scientifically honest, 
□ne should say [frai a gram of uranium is likely to give out one 
neutron a second, which isn't much among its 700,000 * 
partides per second). 

OiK thing we must get straight from the Sturt is that the 
FiidiatKiEis from a radioactive substance Jo nor necessarily 
mafec other Substances radioactive. To suppose they did would 
bo as sensible as saying that if you Went out from a lighted 
room you would glow in the dark because light has been 
: hilling on you ! 

3 f an r panicle hits an atom it is likely to bounce u IT. If il 
hits somethi ng ire. own si 2C it Will give up a tui of energy at each 
bounce, When it ia going slowly enough, it will pick Up l Wo 
electrons and become a helium atom. This is what Rutherford 
Jemon>! jailed (sec page 7). In air an alpha panicle will Travel 
j fcwcencimcrrcj, depending on its energy, and will bit over a 
hundred thousand atoms mi ire way, x particles would be 
stopped by a piece of ifun paper. 

^particles* being Ebe same as dretrons, bounce around from 
one atomic electron to another and lose energy in the process. 
They are deflected in many directions SO it is difliOulL to 
measure the total length uf their irregular path, bur rhe actual 
dLSlanco travelled may he a few feet in air Of a centimetre in 
water, If something is put in the way uf a beam of (i partides, 
tiiSi and less pass rhrnugh to the Other side as greater and 


greater thicknesses arc pul in ibe way, This fact is used in 
thickness gauges, When the $ particle ia slowed down suffi- 
ciently, il is captured by an atom which happens to be shore 
nf an electron, 

A y ray may give all its energy do an atomic electron a nd 
knock it out of rhe SCOttl, I fit hits rather more energy* it may 
knock the electron out and carry on with less energy and repcar 
the process several times, A more energetic y ray travelling 
near lit a nucleus may use up all its energy in creating an 
electron and a positron. (This may be difficult to understand 
at til* Stage, buL it h an example nf ihc equivalence of muss 
and energy, If we destroy mass we gel energy i in same cir- 
cumstances wc can produce mass front energy.) 

The bnal result of these interactions of radiations with 
matter is that a number of electrons have freer, dislodged from 
their atoms (i.e, ific matter is ionized), and that the atoms 
themselves have been stirred up to tWcT movement, which 
means rhar hear m generated. Ills possible to work nut the heat 
produced from the rote nf emissjnn nf energetic radiation. 
1 curie (3 -7 HI” disintegrations per second) giving 1 MtV 
per disinligruLiun is equivalent to 5 93 milli wans. For ifl- 
seance, a 60,000 cuiie Source of "‘Co gives out almost exactly 
the same energy as a 1 -kilowatt electric fire. When ihfi radia- 
tions from this enormous source, equivalent in radioactivity 
to about 130 pounds of radium, are stopped by the walls of Lhe 
twenty-ton container which is needed for its safe transport, 
the outside of the cmitiunpr is warm to the touch, 

What lutppms when ro d ia ti <m ktf ftvirtg malter? Radiations 
have energy. If they cun penetrate a Jiving cell, they may 
deposit that energy In it* Of i ll some pari of il, and may damage 
it. " I'h is happens if We get too dose to a hor object or absnrh tno 
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much radiation from the sun. Sometimes tine cell recovers or 
is replaced, hut sometimes, enough damage is done to a latige 
group of cells to harm the body. 

It in TarbCf like this With <t> ft and y radiaitonH. They may 
pass through the vails of a cell anti deposit energy in it. The 
«U has a small nucleus and is divided up into compartments, 
by inner vails of proteinaceous material, In the odJ is an 
aqueous solution, and in fact over Ud per cent oi'rhis is water l 
The whole lot is a rather delicate biochemical system. 

If radiation enters the cdl, There is fust a chance rliat the 



nucleus may he hit. a greater dun a: that tin 1 inner walls may 
be damaged, and A prospect (ha* ionization may bring about 
changes in the water such as II a O ■ H ' OH followed 
by Oil OH 'H*0* 

'] hese factors may combine to upse t die mechanism of titc 
cell. Il mighL be completely destroyed, or else the delicate 
mechanism of cell division may be upset. 

Certain colls aiv more sensitive Than others to radiation 
damage. A rapidly dividi ng cell is more Likely to suffer damage 
than one which is static. It is possible to damage chromosomes 
and [hereby cause mutations when the cell divides. T his hus 
been going on ever since living things existed, bemuse radia- 
tion has. always been with us. Other things like certain 
chemicals, damage chnmlOsuiSies, and some are far more 
effective than radiation in rhi? respect so we can’t blame 
radiation fur every Jurmful change 

There is Jl background of radiation (torn naturally occurring 
sources and cosmic rays, and the use of radial inn in industry 
hits only added about 1 or 2 per ccnr to this (the U.K. Atomic 
Energy Authority hat Only been responsible for ibour £1- 1 par 
OWlt Of tilts percentage), Radiation in large enough amounts is 
harmful, so of course there are limits agreed internationally 
which govern how much radiation shay be allowed to the 
general public and to people working with radiation Of radio- 
active nuiterials, The Uilil adopted for measuring the amount 
nt radiation absnrhcd is the rad. It is a meavurfi of absorbed 
energy, end ii equivalent to 100 erg* per gram. This is nor 
veiy large when we chink ihil 1 calorie, which is the hear 
energy needed to raise 1 grain of writer I : C, is 4-22 *: 10- ergs. 

I"q make sure that no harm will be dune by the extra radiation r 
il eS agreed [haT rhe amount of radiation dose given tu ftlcil 
mem her of the public should UuL exceed half? rod per year. 


* r, example Ol me Lyue -.:l .t-ds^-ve- 
CunCainei "c-q-u iad For li*j 
^hPd TTHnspnft Q+ radr-MCTiV-fl Iuh 
h EfltliniCiflr'i ■ :■ checking far 
escaping rndirrligns 0. K. At&fPK 
£' r TwjinrAutfK-'ftt¥ 





Part 6 

l Tges of rad louvtir i ttj 


We Can CxpbiL Lhe fact that radinacdve material betrays its 
presence by r.ifliiinon and that the mure radioactive substance 
is present the more radiation wiU be emitted. hi addition, we 
can cxpSnil die pewtlfllifig puW£r of Lhr radiations ur thdr 
effects on materials. 

TriKXFF - Support we wfinl to find hnw a piston ring in nil 
CSR]DC wears. We could weigh ii 3 use lL for a few hundred 
houses and Weigh it again, bul this involves stopping srhrC caig.ine 
and sc lb tiacftcult to repeat The conditions uf testinR. If the 



pinion ring is made Jioactive, however, ihe amah parades 
which wear off are radioactrvc and will go ifico the oil system* 
If the oil irS then made lO pass ihruui^h a detector of Fadio- 
actEvityi we have a measure of the amount of wear. E[ is easy 
OlOUghfben TO see the effect Of load Of varying the Lempenatnre 
or the oil- Since the changes En weajf arc shown outside the 
cngilK -lh they occur, uftJ the method eh sensitive w small 
vaiialiunsj it is quicker and more uithi i native Than lht con- 
vcndonal one. 

Again, suppose it :b necessary to mix one SUbstmut with 
another CO give ^ uniform product, haw da we decide when 
mixing is complete Ht is possible to rafce pimples and analyst 1 
thenij, bur Thar is very Ul^ume, and is very difficult if nnly j 
very smidJ nruouni of* say, a trace clement* h being mi ml in. 
If ir is possible CO add some radioactive matertal^ all itiat lb 
necessary is ta measure the radioactivity of successive dimples 
and to C0n"iLlue mixing until the activity of successive sampler 
is equal. This can often he done with simple apparatus and 
hi^h accuracy. Tile method Would not he used For production, 
but merely tn set up the best conditions. If a radioisotope of 
Bhrm hilf-lifep Ibr instance Ji Ka of half-life ti hnurs., had 

Rnrlin..T-::tiV5 Isompofl " industry. 

Car componesua ale irradiated 
in Marwni ! 'r- BEPO r&aclor and 
nor. fitted bv rfrttDtt hfeTidliny 

IN.: I 10 12=31' WllHfl IflD rr.r h?5 

ixinn irun thr^u^ v&fWJul 1SE1S 
Ihe amoum airadiuaEiMly in 
Lhe luL'i ii.-j I i-j c-;l is Tsn.is 
nnd thn m oplc enfiaum or 
wear is CHicidatfid UK .At"*™: 

Atiifr&jfy 
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been uani the activity after a week would be quire negligible 
snd the product ■WLVuJd be quins safe lu be sold. 

Here arc a few further appheations: 

J 1 . Typical question: El Where is if 

Mosquito lame ure grown in u solution uf radioactive phos- 
phorus. If the radioactive adults arc rdeawd ar one place and 
one checks mosquitoes [rappel sal different places for radiri- 
■3CtivsLy, this Rives important information about how far 
mosquitoes move from thedr breeding grounds. 

fljfdjqacfivi ftotopen in meas- 
ir>€ Tc atiEHHA ih-fl .i^SiliOf i 
■i= ■■ al yjjK or Ihc- thyroid gl^nd, 

- r,m,]i i pp&b cd redrew cliya 
J» fl 0 IS giVLMi 10 tfe IJJlJcTl 
. Odin* cane dot Irrfqfr in thn 

thyroid al* p r ' h& seintillat wi 

c: j ri held Over Lii- nfcck is 
ahioktod ^itti knd 50 lhma*ds- 
5ion only roaches It Irom u s«i^ll 
dr 03 atthfe find 04 She riai-n tori 
cal : inq 1 ar vyhich can h? 5 SBP 

^.Dstioucini'is tna neck. Tla 

; j !m“" L is inuyed TiutDinnlkiiNy 
t:> nnri Itq nnd a COltMJr picture 
ol no gland is pi su^d ji the 
oparalQr's End cd Ihc- cpijnh, 
tiX Atowk: Eotif&y A i/rnority 


i 1 , 'Jlow much poes this way and how much goes Thar way 
j. Riidioiodttw in the thyioid shuVs bow much of the sub- 
stances manufactured by the thyroid !n a given time Stay pur, 
go 10 the bhH^ LrearTip or go into the urine, 
fr. A labelled drag can show whether ir goes where itshouJd n or 
whether a significant amount goes where ]t could do harm to 
the patient. 

£, labelling Li chemical makes it easy to measure its partition 
between solvency or its relative solubility in u variety of SGl- 
s-'CtltS-r Or at different temperatures. 





d. Labelled sewage ha? shown whether a particular disposal 
method causes bacteria! pollution of a beach. 

з, ‘Hesw much ls there ?' 

и. Wood volume -a known volume of blood containing a 
radiotracer of known activity is injected. After letting it mix, 
a volume is drawn otf and the new activity measured, It' ] 
nucrocune (2-2 X 10 l iJ .= s-J- in I cm' went in, and 1 cm : taken 
uui shewed 25 CJ disintegrations per mimurc, then, die volume 
would be 2,200,000 ' 250 cm 1 or 9-9 litres. This is an example 
of dilution analysis and thcic arc a host of crumples - the 
amount of a particular constituent in a mixture- the volume of 
a lake, the volume of molten meal in a furnace, and so on. 

b. Flow of fluids, This couid be a ‘where is it' Lnvestlgatkm, or 
a dilution If seme radioactive liquid is suddenly injected, it is 
possible lu measure its rate of travel between points. If the 
size of, say, a pipe is known, the volume flowing is known. By 
another method, active solution is put in continuously ond 2 
sample taken do wostream, The activity wot be diJv ted and one 
can calculate the rate of tlow. 

Detection of leak-i rn a bttried pipe - This is dune by putting 
some short-lived radioactive material, for instance :( Ni m 
sodium carbonate, into the leaky pipe and making it flow 
through .1 section underpressure, llic solution is made to pass 

nut nf the end of rhe pipe but it has leaked inLo the earth where 
there were, holes or bail joints. There are various methods of 
detecting where the radioactive solution has leaked from the 
pipe. Tnone, radioactive markers (generally of '"Unbare put at 
known distances, The detecting device consists of Geiger 
counters which feed elicit pattern of detected pulses into a 
wire recorder a version of a Tape recorder). The whoie is can- 
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tabled in a waterproof cylinder which is either forced along 
the pipe by the water after the radioactive solution has been 
Hushed our, nr, for short runs, putted through. When the 
record is ‘played back' Hod put on » chart recorder whose 
paper chart moves at a known steady rate, a Jine will he traced 
which shows the position of the leaks in relation to the places 
Where tile marker* were put in, since the radioactive sodium 
salt will have been absorbed by the soil where ihe leaks were. 
Modern developments of this permit the examination Ilf many 
miles of new pipeline, anti the method is now well established!. 

Shod flaw - Sometimes there is a restriction of the blood cir- 
culation. By injecting a small amount ofradiojodium, the rue 
of flow between points can be measured and compared. Again, 
in the case of a skin graft, die blood flow into the new area can 
be determined. By choosing the appropriate radioactive 
material, often as a radio actively labelled compound which 
has been synthesized, the functioning uf many body organs 
may be checked. 

Plans atudiei - Radioactive labelled nutrient* ran help rhe 
plant phys iologist to study the rate and method of uptake of 
fertilizers and trace elements, and lie can study photosynthesis 
by growing plants in an atmosphere of 1 J C0 2 . 

These are unly a very few of a large number of tracer appli- 
cations. They may show you chat they are a powerful tool of 
research and technology. An excellent book which takes the 
story further is Isotopes by Dr ] . L. Putman (Penguin Books; . 
This deals also with other uses of radioisotopes, which will 
o nly he briefly mentioned here. 


AmSytif - Wc have already seen, dial by adding a radioJsocopc 
and measuring the diluted activity* we can measure volumes* 
the amount of particular constituents, and the like. If we 
irradiate rwo smaJJ masses cf an element in a reactor under 
exactly the same conditions, the only thing which makes ihclr 
activities different is their difference in weight even when the 
clement is in chemical ^mbinaiion with other elements. Thus 
if I mg of copper were irradiated and showed an activity 
measured as 60,000 counts per minute and an tuiknown weight 
irradiated with it gave 36*000 counts per minute h hath of these 
measurements being made with die same detector and both 
being proportional tn the actual radioactivity present. chen we 
could say ihac the second weight was 30,000 60,000 or 

0-6 mg. In practice* Lt iR possible to determine copper in 
^mounts of about IQ" 1 - gram [O^OOOl miemgram}, and to be 
quite sure thar it ia coppeF because of the half-life and energy 
of the radiations from radioactive copper. 

Since there are some seventy elements which can be 
determined in immuus which ;ira u. very small fraction of a 
mscragramji this is clearly a powerful new tool for the analyst, 
ftn important advantage is. that we can be ^uiie sure what we 
have got. and any impuritEcs which get in during chemical 
extraction or mftrtipuhjtiuis rmik-e no difference because they 
are nnr radinacrive. Sometcmes it is, not necessary to do any 
chemistry to get the answer, and in fact the irradiated material 
mmarns a^ it was before iirsdsarion, ? l“hls has been done do find 
arsenic in hair or naildippEhgSj or to identify trace dementis in 
duRt so as to prove its origin, Thus not ont> f docs rhe chemical 
analyst have a sensitive and accurate new method, but the 
criminnlogtst and forertsic chemist have a new device to fight 
crime. 

Using a reactor like 'REPO 5 at Harwell] it is possible tn 
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determine ar&enkj gold, and many of the rare earths down to 
J 0 1 £ rant, a whole range including anrimony* cob a! L, cupper, 
phosphorus and manganese io Ul 111 gram* and mosr of rhe 
common elements in amounts, between 10 " and 10 ' gram. 
The method is used for my small samples or for special 
mvrarigatki&is, and, most particularly, in order Lu check the 
accuracy of other methods like colorimetric dctermlnations d 
which ore simpler and do not need a reactor. 

Gaines - How du you measure the thickness uf a piece of 
p ajicr ? Use a micrometer ? Count a laigc number of aliccts and 
measure with a ruler ?' Cut a piece and weigh it and work it out 
from density and area ? These methods would do, bur they 
wouldn't be cnnvenienr cf paper were being made by the mile., 
ii lew yards wide. (The third method was tiled until a few 
years ago , and ir stffl used for an ultimate check, and to cali- 
brate ocher methods.) 

Now /J radEation is absorbed by material, and the more 
material, the more absorption. Thencforc if we set up a radio- 
active source an one side af the sheet and a detector on the 
other, the number of panicles wltioh pass through is a 
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measure of [lie thickness. Nothing touches the sheer, so it 
couJJ be movtrig rapidly. As wcJJ as this, the Signal given from 
The dctCCKJf thill a greater or te-sspr number of particles is 
getting ihroiigh, can wort a merer Of 41 recurd£r. or control the 
process which governs the thickness. Often rhe ThickoCss is 
compared with a standard, so the indication is given as the 
deviation frotn this. Over the past l (J or 1 ’j yca?$ gauges have 
been developed and arc. ill use in many industries for pnn- 
IfOlllug die thickness of paper and plastic sheet, sheet metal, 
nr the packing density of tdbaccs irt cigarettes (which are made 
itt A long Continuous tube). None of these materials becomes 
radioactive of course ; this could only happen if radioactive 
material Were transferred, but as radiations arc 1 he only things 
which pass, there is no radioamviiy induced . 

As d alight Variation on this, but still in the field of gauging, 
we can consider level gauges and empty packet detectors. The 
ftm could be used us a convenient method nt indication or ctm 
of control of the level of liquid in a closed vessel. It has been 
used 10 find how much tire extinguisher thud Thctv is in an 
appliance or how much of a liquefied gas is present: in a 
vacuum vessel. We just need a source of radiation and a 
dcrecror. Thcswuc principle applies to empty package dctcc- 
tors. The gauge can be set to reject m unfilled package 
(packet of pi I Is* tin of palm - in fact almost anything which js 
filled in an automatic plant), or it could be set TO reject partially 
filled containers- Since the scheme needs no contact or weigh- 
ing, and Can work fairly fast, it is much used in industry. 

Other Tim-r vf using radiations - Beta and gamma radiations 
are Mattered by The electrons of the atoms in their path, and 
Sometimes are sent back the way they came. The amount 
which conus back depends Oil Eh£ nature Of the material which 
is causing the scattering. This is used to measure tike thickness 
of plating on metal and it is the principle which guides an 
automatic coal cutter tu remove cnal and CO cuni aside frotn the 
rock which is above and below it. 

Gamma radiation posses Through metals and is reduced in 
intensity more or less, according to Lhe thickness of the metal 
or its nature. If there were a hole nr a piece of slag, this would 
alrer the amount Of radiation passing through locally. If a 
photographic film is put the other side, the 1 radiograph' which 
is produced gives information about flaws, variations in Thick- 
ness, and so on, just as ao X-ray machine would. Il takes 
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lengCT to get a jjanuns ractsopraph than an X- radiograph k bui 
veryoften it has <i number of advantages, onJ among [hem are 
cheap ness and simplicity. 

If A large dose Of J radiation pussvs thruUgh bacteria, they 
are killed. They need abmsr 2-5 million rads t'ru :i I rly certain 
kill’, but higher, more- Complex living systems me destroyed 
by less. 'Animals,, including man,, cannot Long survive I 00 Q 
rads; weevils and cockroaches art killed by a few Bens of 

I hi Mi& a n^ -k of r^dj. ) 

A very imp on am use of radiation is for die sterilization of 
medical iLems - hypodermic syringes, for instance, which can 
be mode ibr a few pence and are thrown away alter nse. (This 
obviates the need for a steam sterilizer, and reduces ihc risk of 
cross infection. 1 Many oilier items such as drugs which would 
be damaged by heat, sutures, scalpels, and more complicated 
devices are Also dealt with similarly. The type of plant used 
commeicisUy, is very heavily shielded and U provided with 
safe methods for getting the materials for sterilization in and 
out. It may concur a few hundred thousand curies of ^Co, 
and there aw foolproof methods for ensuring that the source 
is safety -stowed before anybody can enter. Items for sterilisa- 
tion lire usually packed in individual, sealed plastic.' bags, and 
a hatch of these goes through the plant together with a 'Tally 3 
which changes colour in a significant way when it has had a 
sterilizing dose of radiation. It should be obvious from what 
has been said previously that passing radiation through these 
materials will not make them radioactive. Many millions of 
items have been sterilized this way, and it is already rare to 
imrf a doctor using the older type of hypodermic syringe, (or 
instance, since the plastic one in its envelope labelled Sterilized 
by gamma radiation' is. usually much preferable in every way. 

Deisms of y radiation are used for therapy instead of beams 
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of X-nys when deep penetration is needed. Fixed sources in 
parts of the body can give similar radiation treatment to that 
given by radium. The cost is negligible, and suitable sources 
are very rcndily available for the specialise hospitals to use. 

£ ’oflej'jrsifJrj - We scarred this bonk by looking at how out know- 
ledge of the nature of radioactivity WftS built up. We then 
discussed The various phenomena associated with the radia- 
tions from radioactive materials. 

Radioactivity would have been little more than an interest- 
ing branch of physics with a certain amount of chemistry if it 
had not been for the very great increase In the availability of 
artificially produced radioactive elements which have been 
available for the past 15 «■ 20 years from The irradiation of 
material in nuclear reactors. This development has provided 
a great number of new rwls fur research, medicine, and in- 
dustry. Along with this expansion has been a development of 
tuider&landing about how to control hazards from radiation. 

We have only briefly mentioned a very few ways in which 
radioactivity is being used, but 1 hope wo have seen how far 
we have come m the seventy years from the days of Madame 
Curie ami Beoquerel, 
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